ResearchGate 


See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/239280896 


Thermoregulation in Nocturnal Ecthotherms: Seasonal and Intraspecific 
Variation in the Mediterranean Gecko (Hemidactylus turcicus) 


Article in Journal of herpetology - June 2006 


DOI: 10.1670/233-04A.1 


CITATIONS READS 
56 743 


2 authors, including: 
Lance Mcbrayer 
Georgia Southern University 
67 PUBLICATIONS 1,564 CITATIONS 


SEE PROFILE 


All content following this page was uploaded by Lance Mcbrayer on 16 December 2015. 


The user has requested enhancement of the downloaded file. 
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APPENDIX 1. Total captures of turtles during the course of the study, as well as historic data from 1964 (Wade 
and Gifford, 1965) and 1965 (G. Powell, unpubl.). Number of traps used and trap days (fyke nets only) for a given 
year are given when known. 


Non-fyke net years Fyke net years 


64 ‘65 ‘79 ‘80 ‘82 ‘83 ‘84 ‘87 ‘88 ‘92 ‘93 ‘04, “95 96 ‘07 98 ‘99 ‘00 ol 02 ‘03 
Traps 22 222) 8. 1.5.13) 1b 9 9 2D 3 5 5 6 7 7 8 8 9 6 12 
Trap days 34 9.5 13.9 18.3 18.4 21.0 22.0 263 24.0 33.0 18.5 46.5 
C. picta 341 224 28 26 3 21 103 37 59 200 221 313 249 160 173 132 171 224 161 79 123 
S. odoratus 197195 720 0 5 222355 19 48 104 104 36 59 83 87 77 168 50 77 
C. serpentina 15 16000 4 01 2 7 ~~ 10 62. 23%— FAS 7 2 12 19 #17 8 10 
G. geographica 6 17 000 0108 1 4 6 19 7 10 29 29 11 5 3 10 4 
A. spinifera 3.0000 1 01 0 0 8 10 6 1 1 0 3 2 6 3 4 
T. scripta 4 2000 0 00 0 3 8 16 14 12 6 3 14 16 19 7 18 
E. blandingii 913000 0 110 40 1 1 1 1 0 1 0 0 1 1 0 
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AssTRACT.—Comprehensive investigations of thermoregulation have been primarily performed on diurnal 
lizards. The nocturnal gecko, Hemidactylus turcicus, was used to test a protocol proposed by P. E. Hertz, R. B. 
Huey, and R. D. Stevenson in 1993. Measures of body temperatures of field active geckos (T,) and operative 
temperatures (T,), the equilibrium body temperatures that animals would attain in given microclimates, were 
compared to measures of preferred temperatures (T,) determined in a thermal gradient. Measurements were 
made on adult males, adult nongravid females, adult gravid females, and juvenile geckos in four seasons 
(June, August, October, March). Both T, and T, varied between seasons; however, Ty closely tracked T.. No 
seasonal patterns existed in T,; however, juveniles had the lowest T,, whereas gravid females had the highest. 
Regardless, in all seasons geckos were ineffective thermoregulators. The low variability in T, is the likely 
cause for this pattern. For such “thermoconforming” species, we suggest that the magnitude of the variation 
in Tp, Te, and T, be included in assessments of how well organisms regulate to their set-point (preferred), 
temperatures. We conclude that geckos, and possibly many nocturnal ectotherms, thermoregulate during the 
day when a more variable thermal environment exists. 


Small lizards are ectotherms that rely on 
behavioral thermoregulation for the maintenance 
of internal body temperatures for optimal func- 
tioning of cellular and organismal processes 
(Bartholomew, 1982). Behavioral thermoregula- 
tion includes site selection, basking, and postur- 
ing (Huey, 1982) and has many associated costs 
(Huey and Slatkin, 1976). For example, time 
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spent thermoregulating may conflict with time 
spent foraging or finding mates and may make 
the lizard more vulnerable to predation (Huey 
and Slatkin, 1976). However, body temperature 
is correlated with digestion, development, loco- 
motion, reproduction, learning, predation, and 
metabolism (Huey and Slatkin, 1976; Huey, 
1982). Maintenance of body temperature near 
a preferred optimum should enhance perfor- 
mance, survival, and ultimately fitness (Huey 
and Slatkin, 1976). 
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Behavioral thermoregulation is expected to 
vary with season and time of day (Underwood, 
1992). Seasonal and diel variation in thermo- 
regulatory behavior of individuals could be the 
result of changes in the environment (e.g., 
temperature, day length), prey availability, mate 
availability, or endogenous rhythms (Under- 
wood, 1992). However, an individual’s behavior 
is also influenced by age (Perez-Quintero, 1994), 
sex (Patterson and Davies, 1978; Van Damme 
et al., 1986), and reproductive condition (Patter- 
son and Davies, 1978; Van Damme et al., 1986; 
Mathies and Andrews, 1997; Rock et al., 2000). 
Seasonal and ontogenetic variation in thermo- 
regulation has been documented in a variety of 
diurnal lizards (e.g., Case, 1976; Christian et al., 
1983; Christian and Bedford, 1995; Patterson and 
Davies, 1978; Perez-Quintero, 1994; Sievert and 
Hutchison, 1989; Van Damme et al., 1986, 1987), 
as well as some nocturnal lizards (Autumn et al., 
1994, 1999, 2002; Angilletta et al., 1999; Kearney 
and Prevadec, 2000; Rock et al., 2000). 

More than one-fourth of all lizard species are 
nocturnal, and most of the nocturnal species are 
gekkonids (Kearney and Prevadec, 2000). The 
absence of the sun and lower air temperatures 
may limit opportunities to effectively thermo- 
regulate and consequently decrease fitness. De- 
spite this, the implications of nocturnality on the 
thermal biology of these species have received 
limited attention (Avery, 1982; Huey, 1982). 
Autumn et al. (2002 and references therein) 
provide a comprehensive review of the likely 
mechanism by which nocturnality may have 
evolved in the Gekkota; however despite this 
influential work, comparative data on thermo- 
regulatory behavior of most gekkotans is still 
lacking. Optimal temperatures for sprint speeds 
have been examined in the nocturnal Medi- 
terranean Gecko. Sprint performance was found 
to be optimal at a body temperature of 36.8°C 
(Huey et al., 1989). This optimal temperature 
is similar to optimal temperatures observed in 
diurnal lizards (Huey et al., 1989). However, 
because the Mediterranean gecko is nocturnal, 
it is active at temperatures that may be below 
physiological optima (Autumn et al., 1999; Huey 
et al., 1989). 

Thermoregulatory effectiveness is defined as 
the ability of an ectotherm to use microclimates 
to thermoregulate to set-point temperatures 
(i.e., temperatures ectotherms attempt to achieve 
in the field; Hertz et al., 1993). Quantification 
of thermoregulatory effectiveness requires mea- 
sures of field body temperatures (Tj), preferred 
temperatures (T,), and operative temperatures 
(T.). Field body temperatures are temperatures 
that ectotherms achieve during their activity 
period. Preferred temperatures are temperatures 
that ectotherms select in a thermal gradient in 
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the absence of other external influences (e.g., 
conspecifics, predators) and are estimates of set- 
point temperatures (Hertz et al., 1993). Operative 
temperatures are temperatures that ectotherms 
attain by reaching thermal equilibrium in the 
available microclimates in the field. 

Thermoregulatory effectiveness is an impor- 
tant index for evaluating thermoregulation be- 
cause it integrates all of the metrics that might 
characterize thermoregulation: T,, T., and T, 
(Hertz et al., 1993). The distribution of Ty, is 
compared to the distribution of T. to determine 
whether the ectotherm is effectively using mi- 
croclimates to control internal body temper- 
atures. The distribution of T. represents the 
temperatures of a hypothetical thermoconform- 
ing (i.e., nonthermoregulating) “control” (Hertz 
et al., 1993). Comparisons of T;, and T, to T, give 
an indication of the biological significance of 
thermoregulation. For example, ectotherms that 
can acheive T,s and T,s closer to T, should have 
a fitness advantage via increases in performance 
(e.g., digestion or locomotion) relative to a ther- 
moconformer that does not achieve temperatures 
different than T. (Hertz et al., 1993). 

The primary objective of this study is to 
provide a thorough investigation of thermoreg- 
ulatory variation in a nocturnal lizard during its 
daily activity period. Specific questions ad- 
dressed by this study were as follows: (1) Are 
microclimates available for effective thermoreg- 
ulation, or is Hemidactylus turcicus constrained 
by the environment to be a thermoconformer 
(ie, does not thermoregulate behaviorally)? 
(2) Are there differences in preferred temper- 
atures or thermoregulatory effectiveness be- 
tween different classes (sex, age, and/or 
reproductive status)? (3) How do preferred 
temperatures or thermoregulatory effectiveness 
vary seasonally? 


MATERIALS AND METHODS 


The Mediterranean Gecko, H. turcicus (Gek- 
konidae), is an exotic, nocturnal gecko in the 
southern United States (Rose and Barbour, 1968). 
In Nacogdoches, Texas, Mediterranean Geckos 
are active throughout most of the year, except for 
a short period of winter dormancy (Klawinski, 
1991). Mediterranean geckos are insectivorous 
ambush foragers at night. During the day, geckos 
use retreat sites (e.g., cracks or holes in the 
buildings, holes in the ground, etc.). Mediterra- 
nean Geckos are oviparous, with the height of the 
reproductive season extending from May to 
August (Selcer, 1986). 

Field body temperatures (T,,) were collected 
from 2000-0000 h on selected nights between 20 
May 2003 and 5 April 2004 when geckos were 
foraging and could be caught and measured 
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(Klawinski, 1991; Saenz, 1996). Geckos were col- 
lected by hand from the H.P.E. building on the 
campus of Stephen F. Austin State University in 
Nacogdoches, Texas (94°46'W, 31°40’N). Only 
geckos that had been caught within 30 sec of the 
first capture attempt were used to avoid re- 
cording temperatures that have been altered by 
excessive locomotion or handling. Geckos were 
grasped at the level of the forearms or head to 
prevent rapid warming of the lizards. Body 
temperature was recorded within the first 
10 sec of capture using a K-type thermocouple 
inserted into the gecko’s cloaca and connected 
to a digital thermometer. Across all seasons, 
333 unique individuals of varying body sizes 
were included in the dataset (mean body mass: 
adults = 3.67 g, juveniles = 0.91 g). Time of day, 
substrate temperature, the gecko’s snout—vent 
length (SVL), sex, and reproductive status of 
females were also recorded. Snout—vent length 
provides a measure of size and maturity (sexu- 
ally mature individuals have a SVL of at least 
44 mm [Selcer, 1986]). Sex was determined by the 
presence of preanal pores and extended post- 
cloacal bones on males (Selcer, 1986). The re- 
productive status of females was determined 
by shining a flashlight behind the individual to 
observe the presence of follicles and eggs 
(“candling,” Selcer, 1986). 

Operative temperatures (T.) were measured 
using copper models (Bakken, 1992; Hertz 
et al., 1993). Models were hollow copper tubes 
(length = 55 mm, diameter = 9 mm) with a 
thermocouple probe inserted in the interior 
and their ends sealed with electrical tape. The 
models approximated the size and thermal pro- 
perties of a gecko and were used to estimate 
the temperature of a gecko behaving randomly 
with respect to the thermal environment (ie., 
temperatures thermoconforming geckos would 
be expected to attain; Bakken, 1992). Operative 
temperatures were measured for randomly 
selected geckos caught during field body tem- 
perature studies. Operative temperatures were 
measured at the point of capture, as well as 
points one meter away in diagonal directions 
(locations the gecko could potentially use to 
thermoregulate but were not using at the time of 
capture). Using points one meter away encom- 
passed | the home range of the geckos (between 
0.93 m? [Selcer, 1986] and 4.073 m? [Klawinski, 
1991]). Air temperature was measured hourly 
in the field. 

Preferred body temperatures (T,,) are assumed 
to be the body temperatures that allow maxi- 
mal performance (Dawson, 1975). Preferred body 
temperatures were measured using a thermal 
gradient. The thermal gradient was a 0.506 m? 
(92 X 55 X 8.5 cm) wooden frame containing four 
11 X 88 cm lanes. The bottom of the gradient was 
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aluminum flashing and the top was plexiglass. 
The substrate was a thin layer of sand. Each 
lane was covered on half of its width with egg 
crate foam to provide refugia for the geckos. The 
gradient was housed in an environmentally 
controlled chamber (EMDDP100, EJS Systems, 
Inc., Stafford, TX) set at 10°C to provide a 
constant temperature for the cold end of the 
gradient. The hot end was heated by five strips 
of electrical heat tape secured underneath the 
aluminum flashing and insulated with fiberglass 
insulation. Substrate temperatures in the gradi- 
ent increased in an approximately linear fashion 
from 10°C at one end to 45°C at the other end. 
Lighting was fluorescent lighting turned on at 
approximately sunrise and turned off at sunset. 
Lighting ran parallel with the gradient to provide 
uniform lighting so as not to confound effects of 
light and heat on lizard position within the 
gradient (Sievert and Hutchison, 1988). 

Geckos were collected the night before pre- 
ferred temperatures were measured to allow 
geckos to acclimate for at least 20 h to the 
gradient before testing began. Body temper- 
atures were measured every half hour from 
2000-0000 h (a period of foraging activity) on 
test nights. Preferred temperature ranges were 
generated with upper and lower bounds estab- 
lished by using the central 50% of body temper- 
atures per gecko (Hertz et al., 1993). By using the 
central 50%, outliers resulting from nonthermo- 
regulatory behavior (e.g., escape or exploratory 
behavior) were eliminated (Hertz et al., 1993). 

All geckos used in this study were marked 
with a nontoxic paint and toe-clipped to identify 
geckos that had already been measured so that 
repeat measurements were not made. No gecko 
was used more than once per season. 

After acquiring field body temperatures (T,), 
operative temperatures (T.), and preferred tem- 
perature ranges (T,), an index of effectiveness 
of thermoregulation was calculated. Effective- 
ness (E) ranges in value from 1 (effectively using 
the environment to regulate body temperatures 
to preferred body temperatures) to —1 (not using 
optimal thermal environments, even if they are 
available). An E near zero indicates that the 
geckos may not be selecting microhabitats based 
on their thermal properties (Hertz et al., 1993). 
Based on the protocol of Hertz et al. (1993), two 
indices of deviation were calculated: absolute 
mean deviation of T, from T, (CP) and absolute 
mean deviation of T, from T, “D. Therefore, the 
index of effectiveness of thermoregulation was 
calculated by the equation E = 1— (d,/d,). 

Comparisons in the effectiveness of thermo- 
regulation were made for the following classes: 
adult males, adult nongravid females, adult 
gravid females, and juveniles. Measurements of 
effectiveness were made in June, August, Octo- 
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TasBLE 1. Mean field body temperatures (Tj; all 
classes) and operative temperatures (T.) for each 
season. June and August are reported with all classes 
and again with gravid females excluded since both 
means were used in analyses. 


Season N(T,) T,+SE N(T.) T+ SE 
June 87 26.01 + 0.27 136 25.69 + 0.20 
August 71 28.47 + 0.30 120 28.59 + 0.21 
October 67 22.60 + 0.30 105 21.27 + 0.23 
March 52 20.49 + 0.34 110 18.92 + 0.22 
June (no gravid 

females) 64 25.88 + 0.31 136 25.69 + 0.20 
August (no 

gravid 

females) 68 28.43 + 0.30 120 28.59 + 0.21 


ber, and March. To generate confidence intervals 
for effectiveness, the distributions of T,, and T, for 
each class and season were bootstrapped (1000; 
Hertz et al., 1993). Two-factor ANOVA (class X 
season) was used to test for differences in mean 
effectiveness. In addition, two-factor ANOVA 
was used to test for differences in mean field 
body temperatures (class < season), the mean 
upper bound of preferred temperature ranges 
(class X season), and the mean lower bound of 
preferred temperature ranges (class X season). 
A one-factor ANOVA was used to test for 
differences in mean operative temperatures 
between seasons. A Tukey significant difference 
test for unequal N with a sequential Bonferroni 
correction factor (Holm, 1979) was used to 
analyze differences among classes and seasons. 
The assumptions of normality and homogeneity 
of variances were met for all analyses. All 
statistical analyses were conducted with NCSS 
2000 software. 

Because gravid females were not present in 
October and March, two parallel analyses of 
variance were performed for each comparison of 
differences in E, mean Ty, and mean T,. One 
analysis used only the seasons (June and August) 
when all classes (adult males, adult nongravid 
females, adult gravid females, juveniles) were 
present. The other analysis only used classes 
which were present in all seasons (adult males, 
adult nongravid females, juveniles). 


RESULTS 


Mean operative temperatures (T.) were signif- 
icantly different between seasons (df = 3, MS = 
2176.19, F = 392.36, P < 0.001). Temperatures 
were highest in August and lowest in March 
(Table 1, Fig. 1). Mean T.s only fall within the T, 
ranges of male and juvenile geckos during 
August (Fig. 1). Mean T.s were below the T, 
ranges for all other classes and seasons. Opera- 
tive temperatures (T.) closely tracked mean 
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hourly air temperatures, which were also highest 
in August and lowest in March. 

Analysis of T, data was partitioned into two 
analyses of variance because gravid females were 
not present in all seasons. One ANOVA used all 
classes (adult males, adult nongravid females, 
adult gravid females, juveniles) and excluded 
the seasons of October and March when gravid 
females were not present. The difference in mean 
field body temperature (T,) was not signifi- 
cant between classes (df = 3, MS = 4.36, F = 
0.68, P < 0.568). The other ANOVA excluded 
gravid females but included all seasons (June, 
August, October, March). In this analysis, the 
difference in mean field body temperature (T,) 
was also not significant between classes (df = 2, 
MS = 1.13, F = 0.19, P < 0.828, corrected « = 
0.025). Differences in mean Ty are significant be- 
tween seasons. Field body temperatures were 
highest in August and lowest in March (Table 1, 
Fig. 1). Mean T,s only fall within the T, ranges of 
males and juveniles during August (Fig. 1). Mean 
Tps were below the T,, ranges for all other classes 
and seasons and they closely track mean T,s. 

Post hoc tests revealed that mean Tjs in all 
seasons were significantly different from each 
other. To rule out the possibility that field body 
temperatures covary significantly with body 
size, an ANCOVA was performed with SVL as 
a covariate. The covariate was not significant 
when gravid females were excluded (df = 1, 
MS = 0.76, F = 0.13, P = 0.724) and when 
October and March were excluded (df = 1, MS = 
3.54, F = 0.55, P = 0.461). 

Because gravid females were not present in 
October and March, an analysis of preferred 
temperature range was conducted using only 
seasons in which gravid females were present 
(June and August) and included all classes. Dif- 
ferences between seasons were nonsignificant 
in both the lower bound of the preferred tem- 
perature (T;,) range (df = 1, MS = 6.86, F = 1.29, 
P = 0.261, corrected « = 0.025) and the upper 
bound (df = 1, MS = 4.59, F = 2.51, P = 0.120, cor- 
rected « = 0.025). Differences between classes 
were significant in both the lower bound (df = 3, 
MS = 18.24, F = 3.43, P = 0.024, corrected « = 
0.025) and the upper bound (df = 3, MS = 14.91, 
F = 815, P < 0.001) of the T, range. The 
interaction term between season and class was 
not significant in either the lower bound (df = 3, 
MS = 0.76, F = 0.14, P = 0.934) or the upper 
bound (df = 3, MS = 1.15, F = 0.63, P = 0.600). 

To analyze differences in mean T, in seasons 
where gravid females were not present, an 
analysis was conducted which used all four 
seasons (June, August, October, and March) and 
excluded gravid females (which were present 
only in June and August). Differences between 
seasons were nonsignificant in both the lower 
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Fic. 1. Distributions of operative temperatures (T.) and field body temperatures (T,) in all seasons. 
Superimposed on the figure are the upper and lower bounds (indicated by dashed lines) of the mean 
preferred temperature (T,) range for adult male and nongravid female geckos. Means of T, and Ty, are indicated 
by arrows. 
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TaBLE 2. Mean lower and upper bound of preferred 
temperature (T,; in °C) across all seasons. Shared let- 
ters indicate no significant differences between mean 
temperatures. 
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TABLE 3. Mean deviations in field body temperature 
(d,) and operative temperature (d.) from preferred 
temperature; index of thermoregulatory effectiveness 
(E). Lower and upper 95% confidence levels are cal- 
culated from the mean E generated with bootstrapping 


T,-lower T,-higher procedures. All classes and seasons are significantly 
Cis wv hong 2) Pound SE) different from one another. 
Juvenile 41 26.35 + 0.37° 28.56 + 0.24° 
Male 29) “Q7AG = 0AAe?” °B0.29 2-008"  “Reaciags. Gd. ap, apis LCL UCL 
pice et ee &season (°C) (CC) CO E (95%) (95%) 
Grid female 13 2039 #064 31562038 Nongravid female 
June 2.31 2.94 0.63 0.27 0.28 0.26 
August 0.85 0.75 0.11 0.12 0.11 0.15 
October 6.44 4.50 1.94 0.30 0.30 0.31 
bound of the range (df = 3, MS = 6.72, F = 1.17, March = 8.79 7.43 1.36 0.15 O15 0.16 
P = 0.325) and the upper bound (df = 3, MS = _ Gravid female 
3.82, F = 1.64, P = 0.186). Differences between June 3.73 3.26 O0A71 013 40.12 &0.13 
classes at the lower bound of the T, range were August 135 1.16 0.19 014 0.09 0.14 
nonsignificant (df = 2, MS = 16.28, F = 2.84, P = juvenilé 
0.064). Differences between classes in the upper fee 151 140 0.10 0.07 0.05 0.07 
bound of the T, range were significant (df = 2, ‘August 115 148 —034 -0.29 032 -0.29 
MS = 28.26, F = 12.13, P < 0.001, corrected = = October 5.08 3.83 1.26 0.25 0.24 0.26 
0.025). The interaction term between season March 7.43 6.17 1.27 0.17 O17 0.17 
and class was not significant in both the lower 4,1, 
bound (df = 6, MS = 5.27, F = 0.92, P = 0.4850, 
corrected o« = 0.025) and the upper bound jane Pea een | ek i ee 
(df = 6, MS = 1.88, F = 0.81 P = 0.567. conected August 0.77 1.54 0.77 1.00 1.04 0.97 
f Salas eat : id October 6.22 5.46 0.76 0.12 0.12 0.13 
o = 0.025). March 857 650 2.07 0.24 0.24 0.25 


Post hoc analysis revealed that the lower 
bound of the T, range for juveniles was sig- 
nificantly lower than gravid females (Table 2). 
The upper bound of the T, range was signifi- 
cantly lower in juveniles than in all other classes. 
Differences between other classes were not sig- 
nificant. To rule out the possibility that preferred 
temperatures covary significantly with body 
size, an ANCOVA was performed with SVL 
as a covariate. The covariate was not significant 
when gravid females were excluded (lower 
bound: df = 1, MS = 10.72, F = 1.89, P = 
0.173, upper bound: df = 1, MS = 7.81, F = 3.44, 
P = 0.067) and when October and March were 
excluded (lower bound: df = 1, MS = 0.83, F = 
0.15, P = 0.697, upper bound: df = 1, MS = 0.77, 
F = 0.42, P = 0.521). _ 

Measurements of d, (mean deviation of T, 
from T,) and d. (mean deviation of T, from T,) 
show the least deviation during August (Table 3). 
Deviations were higher during October and 
March. During October and March d, was less 
than d,. Using dy and de, two analyses of vari- 
ance were used to examine the effect of class 
and season on thermoregulatory effectiveness 
(E). The raw data for E had to be cube root 
transformed to achieve a normal distribution 
(via the Martinez-Inglewicz test [NCSS Soft- 
ware, 2000]). Although there were differences 
among all classes (df = 3, MS = 276.06, F = 
1588.45, P < 0.001) and among seasons (June, 
August; df = 1, MS = 1230.08, F = 7077.91, P< 


0.001), interpretation of the differences is in- 
appropriate because of the significant interaction 
term (Class < Season: df = 3, MS = 160.41, F = 
923.02, P < 0.001). When gravid females were 
excluded and all seasons (June, August, October, 
March) analyzed, classes were different (df = 2, 
MS = 211.18, F = 2652.73, P <0.001) as were 
seasons (df = 3, MS = 727.79, F = 9142.13, P < 
0.001); however, the interaction term was also 
significant (df = 6, MS = 106.06, F = 1332.25, 
P < 0.001). With one exception, all the indices 
were close to zero, indicating thermoconformity 
(Table 3). Males in August had an effectiveness 
of —1.00, indicating extreme nonthermoregula- 
tion. However in the context of a very small 
difference between d. and d, (—0.77°C), this 
effectiveness value should be interpreted cau- 
tiously. 


DiIscussION 


The Mediterranean gecko is a thermocon- 
former (i.e., does not thermoregulate) during its 
activity period. Although it is unclear whether 
the geckos make an effort to thermoregulate 
while active, it is clear that any behavioral 
thermoregulation would be constrained by the 
available thermal environment. There is very 
little variation in operative temperatures during 
their activity period. In addition, most of the 
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variation is temporal (temperatures decline 
throughout the night), not spatial. Consequently, 
the geckos only have a small range of potential 
temperatures they can achieve while active. 

Mediterranean Geckos are active at temper- 
atures which are below preferred temperatures 
as well as measured optimum temperatures for 
locomotion (Huey et al., 1989, Autumn et al., 
2002). Thus, the physiology of the Mediterranean 
Gecko may not be optimally suited for noctur- 
nality. However, optimal temperatures for other 
performance variables (e.g., digestion, reproduc- 
tion, metabolic rate) have not yet been studied, 
and these may be within activity temperature 
ranges. Hearing functions well in other nocturnal 
geckos at temperatures this species experiences 
during its activity period in warmer seasons 
(Werner, 1976). 

Few studies have examined field body temper- 
atures (T,,) or preferred temperatures in Mediter- 
ranean Geckos. Mean August nighttime T, of 
H. turcicus was 31.3°C in the Chihuahuan Desert 
(29°48'N; Huey et al., 1989). However, Huey et al. 
(1989) cautioned that their mean may have 
been abnormally high as a result of unusual site 
conditions. In comparison, our study found 
a mean of 28.5°C in August (31°40’N). Similarly, 
Angilletta et al., (1999) found a summer diurnal 
mean T, of 27.8°C for adult H. turcicus from 
Austin, Texas (30°20’N). An ecologically similar 
congener, Hemidactylus frenatus, has a mean Tp 
of 27.2°C during the spring in Mexico (22°10’N; 
Marcellini, 1976). Body temperatures are similar 
in nocturnal non-Hemidactyline geckos. Coleonyx 
brevis has a mean Ty, of 28.6°C (Dial, 1978) and 
Christinus marmoratus has a mean Ty of 26.0°C 
(Kearney and Prevadec, 2000), whereas Teatoscin- 
cus przewalskii has an average of 15.3°C (Autumn 
et al., 1994). Thus, most field and preferred body 
temperature seem to be in agreement for the noc- 
turnal species studied to date. By comparison, 
mean T; for nine species of North American 
diurnal lizards was 37.1°C (Pianka, 1986). 

However, field body temperatures in the 
Mediterranean Gecko do vary seasonally, with 
August T,s being the highest. August is the 
warmest season in the study area. The variation 
in T, is likely passive because of the constraint of 
the thermal environment since the same pattern 
of variation was found in T.. Microclimates, 
which are available to the geckos in the summer, 
are not available in other seasons and vice versa, 
and consequently the geckos are limited in T,s 
they can achieve. 

Passive seasonal shifts in T, have also been 
noted in the nocturnal gecko Christinus marmor- 
atus as well as the diurnal lizards Lacerta vivipara 
(Van Damme et al., 1987) and Anolis gundlachi 
(Hertz et al., 1993). Active seasonal shifts in T, 
have been found in the diurnal lizards Conolphus 
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pallidus and Chlamydosaurus kingii (Christian 
et al., 1983; Christian and Bedford, 1995). Active 
shifts are possible for these species because of the 
greater range of microclimates available during 
the day (Christian et al., 1983; Christian and 
Bedford, 1995). 

Preferred temperatures for Mediterranean 
Geckos do not vary between seasons (although 
T,s were not examined during the period of 
winter dormancy). Similar results were found in 
another nocturnal gecko, C. marmoratus (Kearney 
and Prevadec, 2000). So far seasonal variation 
in T, has only been found for diurnal species 
(Patterson and Davies, 1978; Sievert and Hutch- 
ison, 1989). Sievert and Hutchison (1989) found 
that summer T, in Crotaphytus collaris was lower 
than T, in the spring and fall, and the authors 
speculated that a lower T, during the summer 
may reduce the risk of overheating. Higher 
spring T, than summer T, in L. vivipara may 
have been the result of the timing of changes 
in reproductive physiology (Patterson and 
Davies, 1978). 

No differences were found in mean T;, between 
classes. This is likely because of the limited 
variation in T.. Because the environment lacks 
a range of temperatures, all classes are con- 
strained to select thermally similar microcli- 
mates. If the environment were not a constraint 
on temperature selection, differences in T, would 
be expected to show the same pattern as differ- 
ences in T). 

Gravid females had the highest T, range. One 
possible explanation for this is that gravid 
females are selecting higher body temperatures 
to maintain optimal conditions for embryonic 
development (Shine, 1983; Andrews et al., 1997; 
Rock et al., 2000). Gestating geckos of a vivipa- 
rous species also have higher T,s than non- 
gestating adult females (Rock et al., 2000). In 
diurnal lizards, which generally have higher T,s 
than nocturnal lizards, gestating females select 
lower T,s than nongestating females (Patterson 
and Davies, 1978; Van Damme et al., 1986; 
Mathies and Andrews, 1997). The lowered body 
temperature in these species could enhance 
embryonic development and survival (Mathies 
and Andrews, 1997). However, in this study, 
although gravid females consistently had the 
highest T,, ranges, differences between the mean 
values of T,, for all gravid females and nongravid 
females were not significant, which does not 
support the egg development argument. Differ- 
ences between gravid and nongravid females 
may have been difficult to detect, although, 
because it is difficult to determine in the field 
whether a female has eggs in the early stages of 
development. Consequently, some of the tem- 
peratures recorded for nongravid females may 
have actually come from gravid females. 
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Gravid females of the nocturnal gecko 
H. frenatus also show elevated Ts in comparison 
to males and nongravid females, although differ- 
ences were not statistically significant (Werner, 
1990). However, the direction of the difference 
was the same in the three samples of H. frenatus, 
and gravid females occupied warmer sites than 
males and nongravid females (Werner, 1990). 
Because of the consistent trend identified in 
H. turcicus and H. frenatus future studies exam- 
ining differences in T,, between gravid and non- 
gravid geckos are warranted. 

Juveniles selected a lower T, range than any 
other class. Few studies have examined differ- 
ences between juveniles and adults. No differ- 
ences between juvenile and adult temperature 
preferences were found in the geckos Oedura 
marmorata and Eublepharis macularis (Angilletta 
et al., 1999). Ontogenetic differences in T, may 
not have been identified in O. marmorata and 
E. macularis because of the small sample sizes of 
juveniles used in the study (Angilletta et al., 
1999). In some diurnal reptiles, juveniles select 
higher body temperatures than adults (Perez- 
Quintero, 1994). Presumably this is because of 
differential temperature requirements associated 
with development. Because the opposite effect is 
seen in juvenile Mediterranean Gecko, an alter- 
native explanation may be that they have lower 
Tp ranges to avoid conflict with adults. There is 
evidence that Mediterranean Geckos are territo- 
rial (Rose and Barbour, 1968; Frankenberg, 1982). 
Dominant adults may select territories based in 
part on their thermal properties (Regal, 1971). 
Juveniles could avoid aggression by selecting less 
thermally ideal foraging sites (e.g., sites more 
exposed to wind). Although juveniles may lose 
some of the benefits of a thermally ideal territory, 
they would not incur the physical damage an 
aggressive adult could potentially inflict (Selcer, 
1982; Klawinski, 1991). 

Few other studies have examined differ- 
ences in thermoregulation between classes. No 
differences in E, T,, or T, were correlated with 
sex or age in a study of adult male, adult gravid 
female, and juvenile Velvet Geckos (C. marmor- 
atus; Kearney and Predavec, 2000). Sexual differ- 
ences were found in mean T, in L. vivipara, 
a diurnal lizard (males > nongravid females > 
gravid females > subadults; Patterson and 
Davies, 1978; Van Damme et al., 1986). Van 
Damme et al. (1986) hypothesized that temper- 
ature differences may have been a result of dif- 
ferences in sexual and seasonal differences in 
physiological state (e.g., seasonality in mating, 
sperm production, etc.). 

Thermoregulatory Effectiveness—No clear pat- 
tern of variation was observed in E (Table 3). 
Thermoregulatory effectiveness measures for all 
classes in all seasons (with the exception of males 
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in August, see below) indicate thermoconformity 
(i.e., the E-values were close to zero). In contrast, 
the only other study to examine seasonal vari- 
ation of thermoregulation in nocturnal geckos 
found that Christinus marmoratus was more 
effective at thermoregulation in the summer 
(E = 0.75) than in the spring (E = 0.32; Kearney 
and Predavec, 2000). However, the study on 
C. marmoratus concentrated on field body tem- 
peratures during the daytime, when a greater 
range of operative temperatures were available 
for effective thermoregulation. Differences in 
E between seasons may have been caused by 
the more severe consequences of thermocon- 
formity in the summer (e.g, overheating) and the 
constraining thermal environment in the spring 
(Kearney and Prevadec, 2000). However, no dif- 
ferences in E were correlated with sex or age in 
C. marmoratus (Kearney and Prevadec, 2000). 

Some diurnal lizards are careful thermoreg- 
ulators, whereas others show patterns of thermo- 
conformity. Anolis gundlachi is considered to 
be a thermoconformer (Hertz et al., 1993) and 
shows a pattern of variation in thermoregulation 
that is similar to Mediterranean Geckos. Mean 
Tp closely tracks mean T. in both summer and 
winter, although T.s in winter are below the 
Tp range (Hertz et al., 1993). Lacerta vivipara is 
also constrained by the environment; L. vivipara 
attempt to thermoregulate in the field to their 
Tp, but this is not possible in the cooler months 
because of environmental conditions (Van 
Damme et al., 1987). 

There is some evidence of thermoregulation 
by the geckos during October and March. Mean 
Tps were between 0.76 and 2.07°C higher than 
mean Ts, although they were still well under the 
T, range. This ability to raise their body temper- 
atures closer to their T, range is notable con- 
sidering the small variation in T.. Although very 
little shuttling between retreat sites and foraging 
sites was observed during the study, geckos 
were seen foraging closer to retreat sites during 
colder seasons. It is possible that they were able 
to achieve higher T,s by reducing activity time 
and spending more time at night within retreat 
sites, which are presumably warmer since they 
are within the walls of heated buildings. How- 
ever, during the majority of activity time the 
geckos would still be at lower Tys due to the 
limited ability of small ectotherms to retain heat 
(Bakken, 1992). 

Caution should be used when interpreting the 
thermoregulatory effectiveness index by Hertz 
et al., (1993). Given the index is calculated E = 
[1 — (d,/d_)], it is sensitive only to the proportion, 
not the magnitude, of deviations of T,s and T.s 
from T,, ranges. Consequently, males in August 
had an E of —1 d = 1.54°C, de = 0.77°C), 
although the difference between mean Ty and T. 
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was only 0.77°C. This same E-value (-1) could 
have been arrived at if d, was 10°C, d. was 5°C, 
and the difference between mean T;, and T, was 
5°C (a much more biologically significant dif- 
ference). As a result, we recommend interpret- 
ing the index in the context of the magnitude 
of difference between mean T, and T.. This is 
especially important when calculating the index 
for ectotherms like nocturnal geckos which are 
active in thermally homogeneous environments 
because Tys are unlikely to deviate far from T.s. 

One possible modification to the thermoregu- 
latory effectiveness index could be to multiply it 
by the absolute value of the difference between 
mean deviation of T, from T, (dy) and mean 
deviation of T, from T, (d,). Thus, the equation 
for the reformulated index (E') would be E’ = 
[1—(d,/d,)] x |d,—d,|. By multiplying the original 
index by the differences in deviations, magnitude 
becomes a part of the index. 

To demonstrate how this reformulated index 
could_be useful, H. turcius males in June (E = 
0.31, d, — d. = 0.67) can be compared to Christinus 
marmoratus adults in spring (E = 0.32, d, — de = 
2.5). Examination of the original index (EF) 
indicates that the two species are similar in their 
thermoregulatory effectiveness. However, the 
recalculated index for H. turcicus (E' = 0.21) 
and C. marmoratus (E’ = 0.80) differ more 
dramatically. By incorporating a measure of mag- 
nitude, the relative thermoregulatory ineffective- 
ness of H. turcicus (which is only able to raise its 
Tp by less than a degree) is differentiated from the 
more effective Christinus marmoratus (which is 
able to use thermal microclimates to achieve T,s 
2.5°C closer to its T, range than the mean T,). 

This study provides evidence that Mediterra- 
nean Geckos are active at temperatures below T,. 
Like other nocturnal geckos, the thermal physi- 
ology of Mediterranean Geckos is likely adapted 
to low nocturnal temperatures via a decrease in 
their minimal cost of locomotion (Cin; Autumn, 
1999; Autumn et al., 1994, 1997, 1999, 2002). 
Furthermore, Mediterranean Geckos may ex- 
ploit better (or “preferred’”) physiological tem- 
peratures during their diurnal inactive periods 
(Huey et al., 1989; Autumn et al., 1994; Autumn, 
1999). Despite being “inactive,” nocturnal geckos 
may use retreat site selection, shuttling within 
the retreat site, and posturing (placement of 
the body relative to the retreat site substrate) to 
accomplish thermoregulation during the day 
(Bustard, 1967; Marcellini, 1976; Werner, 1976; 
Dial, 1978; Autumn et al., 1994, 1999). The 
nocturnal geckos C. marmoratus (Kearney and 
Prevadec, 2000) and Teratoscincus przewalskii 
(Autumn et al., 1994) are able to effectively 
thermoregulate within their retreat sites using 
the above mechanisms to the same extent as 
some active diurnal lizards. 
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Clearly, more studies are needed to document 
the thermoregulatory behavior of nocturnal 
ectotherms. Future studies should focus on the 
thermal sensitivity of physiological processes in 
nocturnal ectotherms as well as physiological 
mechanisms that allow tolerance of activity 
temperatures. Over the decade, the works of 
Autumn and colleagues have provided consider- 
able insight into how geckos are active at 
seemingly suboptimal temperatures as well as 
how nocturnality may have initially evolved. 
There appears to now be a growing body of 
evidence indicating that some nocturnal species 
effectively thermoregulate during the day (this 
study; Autumn et al., 1994; Kearney and Pre- 
vadec, 2000). Future studies should directly ex- 
amine this possibility in many more nocturnal 
species to improve our comparative understand- 
ing of gecko ecology and physiology. 
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ABSTRACT.—Few studies have investigated the emigration behavior of adult ambystomatid salamanders 
in fragmented landscapes. We assessed the emigration behavior of 30 Spotted Salamanders (Ambystoma 
maculatum) by implanting transmitters in 2003. Study sites, all in southern Rhode Island, included an active 
golf course, a golf course under construction, and a closed-canopy forest that served as a control site. Max- 
imum dispersal distances from breeding ponds ranged from 44-467 m (mean = 145, SE = 20 m), with the 
maximum distance twice as far as prior studies on this species. Spotted Salamanders exhibited distinct 
preferences for terrestrial habitats by avoiding fairways and selecting forested uplands and forested wetlands. 
The use of forested wetlands was unusual because most past research has suggested avoidance of this habitat 
by Spotted Salamanders. We documented adult Spotted Salamanders crossing fairways to adjacent forest 
patches; thus, fairways were not a dispersal barrier. Compared to random points, adult Spotted Salamanders 
selected cool microhabitats with greater leaf litter depth, more coarse woody debris, more canopy cover, less 
herbaceous cover, and high densities of vertical and horizontal small mammal burrows. These results suggest 
that maintaining extensive upland and wetland forested habitats near breeding ponds, with significant 
amounts of deep leaf litter, coarse woody debris, and high small mammal densities will help sustain Spotted 


Salamanders. 


Ambystomatid salamanders are sensitive to 
habitat fragmentation because they have com- 
plex life cycles that require specific habitats 
within breeding ponds (Gates and Thompson, 
1981; Werner and Glennemeir, 1999; Snodgrass 
et al., 2000; Egan and Paton, 2004), intervening 
habitats used during migration (Gibbs, 1998a; 
deMaynadier and Hunter, 1998, 1999; Rothermel 
and Semlitsch, 2002), and terrestrial habitats used 
during most of the year (Heatwole, 1961; Chazal 
and Niewiarowski, 1998; Faccio, 2003; Regosin 
et al., 2003). Based on radio telemetry and radio- 
active isotope studies of several species of adult 
ambystomatid salamanders, dispersal distances 
from breeding ponds average 125 m (Semlitsch, 
1998), up to a maximum of 625 m for Tiger Sala- 
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manders (Ambystoma tigrinum; Semlitsch and 
Bodie, 2003). Recent research by Homan et al. 
(2004) found that the probability of detecting 
breeding populations of Ambystoma maculatum 
was much greater in landscapes with over 51% 
forest cover within 1000 m of breeding ponds. 
Thus, developing management recommenda- 
tions for ambystomatid salamanders is a chal- 
lenge because they require both seasonal ponds 
and extensive terrestrial habitats away from 
breeding ponds (Semlitsch and Bodie, 2003). 
Past research found that ambystomatid sala- 
manders in New England select forested habi- 
tats during the terrestrial phase of their annual 
cycle (Windmiller, 1996; Petranka, 1998; Madison 
and Farrand, 1998). Ponds with Spotted Sala- 
mander populations were more likely to occur in 
landscapes with extensive forest cover (Guerry 
and Hunter, 2002; Homan et al., 2004). Gibbs 
(1998b) determined that juvenile Spotted Sala- 
manders were more likely to occur in forested 
landscapes. In experimental settings, emigrating 


